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We present a model for electron scattering off nuclei and photon absorption in the resonance
energy region (W ≦ 2 GeV). The elementary γ/γ⋆ N-vertex is described using in-medium kine-
matics and up-to-date form factors for QE-scattering, pi-production form-factors and resonance
helicity amplitudes of the MAID analysis. We find good agreement with inclusive data on electron
scattering off Oxygen. For photon absorption in Carbon we find a large impact of the momentum
dependent mean-field acting on initial- and final-state baryons.
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I. INTRODUCTION AND MOTIVATION
A wealth of information on nucleon structure functions
and resonance properties has been gathered in the scat-
tering of electrons and photons off nucleons at intermedi-
ate energies (∼ 0.5−2 GeV) (cf. , e.g., the reviews (1; 2)).
Scattering electrons and photons on nucleons being em-
bedded in nuclei, it is even possible to probe the change
of these properties due to a strongly-interacting environ-
ment. In the medium, resonances and nucleons acquire
an additional complex self energy due to rescattering ef-
fects and correlations which lead to modified spectral
functions. By direct comparison to the elementary scat-
tering case, one tries to deduce such in-medium modi-
fications. Within the last decades, several experimental
groups (cf. ref. (3) for a review on electron scattering and
(4; 5; 6; 7) for the photon absorption experiments) have
measured the inclusive cross section for electron and pho-
ton off nuclear targets to a high precision. Additionally,
major experimental efforts are being undertaken to shed
light on the in-medium properties of hadrons studying
exclusive channels of photon and electron nucleus scat-
tering, see e.g. (8; 9; 10).
In this work we aim at an improvement of the de-
scription of inclusive and exclusive reactions through a
better description of in-medium physics. Here we fo-
cus on inclusive cross sections which are independent on
the final state interaction. These final-state interactions
can, e.g., be treated applying the Giessen Boltzmann-
Uehling-Uhlenbeck (GiBUU) transport model (11; 12;
13), which has been developed over the last 20 years to
describe heavy ion collisions, photon-, electron-, pion-
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supported by DFG.
and neutrino-induced reactions within one unified trans-
port framework 1. Since our model for the inclusive pro-
cess uses the very same inputs as the transport model -
in particular the same momentum distributions for the
nucleons, same potentials and spectral functions - the
extraction of exclusive cross sections will be a straight-
forward task.
First results for electron scattering off nuclei for beam
energies between 700 MeV and 1500 MeV and virtualities
of Q2 ≤ 0.632 GeV2 have already been presented in (14;
15). Within the same framework we now also address
the absorption of real photons in nuclei. Additionally, we
refine the model presented in (14; 15) by including more
baryon resonances in the description. Employing impulse
approximation, we calculate inclusive cross sections with
full in-medium kinematics and realistic form factors for
quasi-elastic scattering, pion production and resonance
excitation.
As already stressed in (15), there are three key issues
in the theoretical understanding of photon- or electron-
scattering off nuclei. First and foremost, one needs to
model effectively the nuclear ground state and take into
account the modification of the elementary γ/γ⋆-nucleon
vertex within the nuclear medium. Furthermore, the
study of exclusive channels such as pion production or
nucleon knockout demands for a proper description of fi-
nal state interactions of the produced particles with the
nuclear medium, which can ideally be addressed within
our GiBUU framework.
In (15), we outlined the importance of the electron
scattering information on the modeling of the neutrino
nucleus interaction. Studying this interaction one aims
at an understanding of, e.g., axial form factors and the
1 Note that the GiBUU source code is now freely available for
public download (11).
2name spin isospin parity
P11(1440) 1/2 1/2 +
D13(1520) 3/2 1/2 -
S11(1535) 1/2 1/2 -
S31(1620) 1/2 3/2 -
S11(1650) 1/2 1/2 -
D15(1675) 5/2 1/2 -
F15(1680) 5/2 1/2 +
D33(1700) 3/2 3/2 -
P13(1720) 3/2 1/2 +
F35(1905) 5/2 3/2 +
P31(1910) 1/2 3/2 +
F37(1950) 7/2 3/2 +
TABLE I Resonances being included in our model.
strange quark content of the nucleon. However, the pri-
mary aim of investigating the νA process is related to the
interpretation of present-day neutrino oscillation experi-
ments. A quantitative understanding of the influence of
nuclear effects on that cross section is crucial since most
of the experiments use nuclei as targets (16). In this re-
spect, the description of electron induced processes serves
as a benchmark for the neutrino induced reactions, which
were analyzed by Leitner et al. also within the GiBUU
framework (17; 18).
This article is structured in the following way. First we
introduce our model for the interaction of real and virtual
photons with nucleons embedded in a nucleus. Next, we
discuss two distinct applications: electron scattering off
complex nuclei and photon absorption.
II. ELEMENTARY INPUT
The resonance excitations play a dominant role in the
spectrum of low-energy γ⋆N scattering (for a comprehen-
sive review see, e.g., (19)). Applying a partial wave anal-
ysis to the world data on photon and electron scattering,
e.g., the MAID group (20; 21; 22) provides information
about resonance properties. An important result of such
an analysis are the so-called helicity amplitudes, which
can be used to fix the resonance form factors (23; 24; 25).
We enhanced the model of (15) by including, besides the
∆ resonance, additional resonance states, in particular
all states which are also included in the MAID analysis
(cf. table I for details). For the nucleon resonances with
spin S = 1/2 we use a notation similar to Devenish et
al. (26). The hadronic current is defined by
jν1/2 = φ(p
′, sf )J
ν
R,1/2
u(p, si) , (2.1)
where u is the nucleon spinor and φ is the resonance
spinor. So p and p ′ denote the momentum of incoming
nucleon and outgoing resonance, si and sf denote their
spins. The vertex operator is parametrized for positive-
parity resonances by
(J+
R,1/2
)ν =
g1
(2mn)2
(Q2γν + /qq
ν) +
g2
2mn
iσνρqρ (2.2)
and for negative-parity ones by
(J−
R,1/2
)ν = (J+
R,1/2
)νγ5 . (2.3)
The constant mn = 0.938 GeV denotes the isospin aver-
aged nucleon mass. We assume that the form factors g1
and g2 depend solely on Q
2 and can be fixed using the
MAID helicity amplitudes. The hadronic tensor is given
by
HµνR,1/2 =
1
2
∑
si,sf
φ(p ′, sf)J
µ
R,1/2u(p, si)
× (φ(p ′, sf )JνR,1/2u(p, si))⋆ (2.4)
=
1
2
Tr
[
/p ′ +m ′
2m ′
JµR,1/2
/p+m
2m
γ0(Jν
R,1/2
)†γ0
]
(2.5)
with m ′ =
√
p ′ · p ′ and m = √p · p being the incoming
and outgoing baryon masses.
The spin 3/2 resonances can be described using Rarita-
Schwinger spinors ψα. Within this framework, the hadro-
nic current is given by
jν1/2 = ψα(p
′, sf )J
αν
R,3/2u(p, si) , (2.6)
where u is the nucleon spinor and ψα is the reso-
nance Rarita-Schwinger spinor. The vertex operator for
negative-parity resonances can be parametrized by
(J−
R,3/2
)αν = gαν
(
C3
mn
/q +
C4
m2n
p′ · q + C5
m2n
p · q
)
−qα
(
C3
mn
γν +
C4
m2n
p′ ν +
C5
m2n
pν
)
(2.7)
and for positive-parity ones by
(J+R,3/2)
ν = (J−R,3/2)
νγ5 . (2.8)
Again, we assume that the form factors C3, C4 and C5
depend solely on Q2; these form factors are again fixed
using helicity amplitudes. The hadronic tensor is given
by
HµνR,3/2 =
1
2
∑
si,sf
ψα(p
′, sf )J
αµ
R,3/2u(p, si)
×
(
ψβ(p
′, sf )J
βν
R,3/2u(p, si)
)⋆
(2.9)
=
1
2
Tr
[
Λβα
2m ′
JαµR,3/2
/p+m
2m
γ0(JβνR,3/2)
†γ0
]
. (2.10)
In the equation above, we used the identity for the spin
3/2 projector∑
sf
ψβ(p
′, sf )ψα(p
′, sf ) =
Λβα
2m ′
(2.11)
with
3Λβα(p) = −(/p ′ +m ′)
(
gβα − 2
3
p′βp′α
(m ′)2
+
1
3
p′ βγα − p′αγβ
m ′
− 1
3
γβγα
)
. (2.12)
The description of 5/2 spinors within a Lagrange
framework is highly complicated. As a simplifying as-
sumption, we will treat all particles with spin greater
than 3/2 within the spin 3/2 formalism.
Additionally to this improvement of the resonance de-
scription, we updated our elastic nucleon form factors to
the ones presented by Bradford et al. (27).
A. Total cross sections
For electron induced events, the total cross section con-
tains quasi-elastic scattering, resonance production and
direct pion production (cf. (15) for the implementation
of quasi-elastic scattering and direct pion production).
For the photon induced events only resonance excitation
and pion production are relevant, because one may ne-
glect the QE contribution since the outgoing nucleon has
large off-shellness for Q2 = 0. In both cases one must be
careful to avoid double counting since also the resonances
contribute to pion production. Thus one must subtract
these resonance contributions from the direct pion pro-
duction cross section. We interpret this subtracted con-
tribution as a single-π background and denote it by σBGπ .
With this prerequisite, we define the total cross sections
for the electron
dσe,tot
dΩl ′ d|~l ′|
=
dσQE
dΩl ′ d|~l ′|
+
dσBGπ
dΩl ′ d|~l ′|
(2.13)
+
∑
R
dσR
dΩl ′ d|~l ′|
, (2.14)
where l and l ′ are the momenta of incoming and outgoing
electron, respectively. For the photon we get
σγ,tot = σ
BG
π +
∑
R
σR . (2.15)
Note that the background terms σBGπ effectively include
interferences among the resonances.
The cross section for photon scattering off the proton
and neutron are shown in fig. 1. Evidently, the resonance
model alone describes the cross sections only qualita-
tively. Additionally to the single-π background discussed
in (15), we included for the photon induced reactions also
a ππ production background. Given parametrizations
σdataππ of the elementary data, we can define the 2π back-
ground by subtracting the resonance contributions from
the parametrization
σBGππ = σ
data
ππ − σResππ .
This subtraction must be done independently for all pos-
sible charge channels: π+π−,π0π0 and π0π±. In our
model, double pion production via resonances can only
occur via the four channels
γN → R → π∆ → 2πN ,
γN → R → πP11(1440) → 2πN ,
γN → R → ρN → 2πN ,
γN → R → σN → 2πN .
Given σγN→R, the evaluation of σγN→R→Nππ involves a
weighting with the partial decay widths (for details cf.
ref. (12) and references therein) into the channels listed
above and the relevant isospin Clebsch-Gordan factors.
The distribution of the final state momenta of the ππ
background events are assumed to follow a phase space
distribution. The resulting 2π contributions are shown
in fig. 1 for both proton and neutron targets. Obviously,
the total cross section is now very well described and the
resonance contribution to ππ is in fact small as compared
to the total ππ production cross section, especially at
energies below 600 MeV.
Furthermore, we show in fig. 2 the single-π produc-
tion cross section for electron induced reactions with and
without background contributions. Also here, the back-
ground has a considerable impact and must be taken
into account. However, we can not introduce a sensi-
ble 2π background due to a lack of such data, and thus
we consider only a single-π background. This restricts
our model to the region not far above the ππ threshold.
B. Medium modifications
As detailed in (15), we consider, besides momentum-
dependent mean fields for the baryons, also the in-
medium broadening of the resonances based on the
GiBUU collision rates. The quasi-elastic and resonance
cross sections are evaluated with full in-medium kinemat-
ics. For the backgrounds we assume that the in-medium
background is given by
σbg,in-med(s) = σbg,free(sfree) (2.16)
where sfree is the Mandelstam s corrected for the in-
medium potentials:
sfree = (q + pfree)
2 , (2.17)
where
pfree = (
√
m2N + ~p
2, ~p) .
C. Nuclear cross sections
Assuming a small wavelength of the incoming photon,
we will treat the whole problem in the impulse approxi-
mation (IA). Within IA, the nuclear current operator is
assumed to be a sum of one-body currents JA →
∑
i J
µ
i .
Furthermore, we assume that the nucleus is constructed
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FIG. 1 Photon scattering off proton (upper panel) and neu-
tron (lower panel) as a function of the incoming photon energy
including a 2pi background. The solid line shows the result
for σtot for the full model, the dashed line shows the result
without single-pi and pipi background contributions. The con-
tribution of the resonances to double-pi production is shown
by the dotted line, the full 2pi contribution is shown by the
dashed-dotted line. The compilation of data is taken from
PDG (28).
out of a sum of single particle plane-wave states. Note,
that the dispersion relations of the plane waves are modi-
fied due to the potentials. In Bjorken-Drell notation (30),
each plane wave state |k, s〉 (s denotes spin) has the nor-
malization 1/
√
2m(k)/(2Ek). So the nuclear wave func-
tion is given by
Ψ(r) =
∑
s=± 12

∫ kF (protons) d3k
(2π)3
.
√
2m(k)
2Ek
|k, s〉
+
∫ kF (neutrons) d3k
(2π)
3 .
√
2m(k)
2Ek
|k, s〉

 .(2.18)
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FIG. 2 Electron scattering off a proton at an incoming elec-
tron energy of 730 MeV and an electron scattering angle of
37.1◦. The plot shows a comparison of our elementary cross
section with and without background to the experimental
data obtained by O’Connell et al. (29) in lab coordinates as
a function of the virtual photon energy q0. The statistical
errors of the data points are negligible, therefore they have
been omitted.
The latter wave function is normalized to the number of
nucleons A ∫
d3rΨ†(r)Ψ(r) = A .
1. Electron scattering.
Within the above approximations, the matrix element
for electron scattering off a nucleus with mass number A
is given by a contraction of the lepton tensor with the
sum of all hadronic currents generated by the A nucleons
within the nucleus. In formulas, we get (cf. also (31, in
particular eq. 1-3))
|MA|2 = Lµν
∫
d3rHµνA (r)
where
HµνA (r) =
1
2
∑
s,s′,...
∑
α=p,n
∫ pαf (r) d3p
(2π)
3
√
2m(p)
2Ep
×
√
2m(p′)
2Ep′
× . . .× 〈p′, s′; . . .| Jµ |p, s〉
×
√
2m(p)
2Ep
√
2m(p′)
2Ep′
× . . .× (〈p′, s′; . . .| Jν |p, s〉)⋆
=
∑
α=p,n
∫ pαf (r) d3p
(2π)
3
2m(p)
2Ep
2m(p′)
2Ep′
× . . .
5× 1
2
∑
s,s′,...
〈p′, s′; . . .| Jµ |p, s〉 (〈p′, s′; . . .| Jν |p, s〉)⋆
︸ ︷︷ ︸
Hµν
.
Note that the dots ”. . .” in the brackets should just re-
mind us that there could be more than one final state
particle. Obviously, the previous equation is just an in-
tegral over single particle hadronic currents Hµν . Thus
the nuclear cross section is given by
dσA =
∑
α=p,n
1
vrel
2me
2l0
2me
2l′0
Lµν
∫
d3r
∫ pαf (r) d3p
(2π)
3∫
dΦf
2m(p)
2Ep
2m(p′)
2Ep′
× . . .×Hµν(r, p,Φf )
× (2π)4 δ4(p+ l − l′ − p′ − . . .)PPB(~r,Φf )
where vrel ≃ 1 is the relative velocity of nucleus and
electron. The variable Φf denotes the phase space of all
the final state particles, which includes also p′ and l′. The
function PPB(~r,Φf ) includes Pauli blocking of the final
state fermions. Bose enhancement of the pions can be
safely neglected. Comparing to the single particle cross
sections σN , one finds that
dσA =
∑
α=p,n
∫
d3r
∫ pαf (r) d3p
(2π)
3
|vN − ve|
vrel
dσN
≈
∑
α=p,n
∫
d3r
∫ pαf (r) d3p
(2π)
3
1
vrel
lµp
µ
l0p0
dσN , (2.19)
where the factor lµp
µ/(l0p0) is just a flux correction due
to the finite velocity of the target nucleons. The variable
vN denotes the non-zero nucleon velocity, which is due to
Fermi motion, and ve is the electron velocity. Note, that
the Pauli blocking factor has been included in the single
particle cross section.
2. Photon scattering.
For photon scattering we get an analogous result
dσA =
∑
α=p,n
1
vrel
1
2q0
gµν
∫
d3r
∫ pαf (r) 2m(p)
2Ep
2m(p′)
2Ep′
× . . .×Hµν(r, p,Φf ) d
3p
(2π)
3 PPB(~r,Φf )dΦf , (2.20)
dσA =
∑
α=p,n
∫
d3r
∫ pαf (r) d3p
(2π)3
|vN − vγ |
vrel
dσN
=
∑
α=p,n
∫
d3r
∫ pαf (r) d3p
(2π)
3
1
vrel
qµp
µ
q0p0
dσN (2.21)
with vγ being the photon velocity vector. Again, we in-
cluded the Pauli blocking probability in the single parti-
cle cross section.
III. INCLUSIVE ELECTRON SCATTERING OFF
COMPLEX NUCLEI
There is a considerable amount of theoretical work
aiming at a good description of the inclusive electron
cross section; cf. the recent review given by Benhar et
al. (3) for an overview. Benhar and collaborators (32)
employ the impulse approximation with realistic spectral
functions obtained from electron-induced proton knock-
out data and theoretical calculations based on nuclear
many body theory (NMBT). With this model, they
achieve impressive agreement in the quasi-elastic (QE)
peak region; however, they underestimate the data in the
∆ region. In (33; 34) they improved on this and a good
description of the data also in the single-pion production
region could be reached. Also, Szczerbinska et al. (35) use
Benhar’s spectral functions (32) for the QE contribution,
but in the ∆ region they apply the dynamical Sato-Lee
model developed to describe photo- and electron-induced
pion-production off the nucleon. Recently, this model has
been extended to weak-interaction processes (36; 37). A
different approach, which also yields a combined investi-
gation of neutrino and electron interactions, makes use of
the superscaling properties of the electron scattering data
(cf. (38) and references therein). There the authors ex-
tract the scaling function from inclusive electron-nucleus
scattering data and use this to predict the neutrino-
nucleus cross sections. More work has been done in the
QE region. In particular the model by Gil et al. (39)
yielded a particular successful description of the dip re-
gion in between the QE and ∆ peak.
A. Results
To start the discussion, we show in fig. 3 our results
for the inclusive reaction 168 O (e
−, e−)X for a beam en-
ergy of 700 MeV and different nucleon mean fields, in-
medium changes to the width have been neglected. The
solid curve denotes the result without potentials, includ-
ing only Fermi motion and Pauli blocking. Including
a momentum-independent potential (dashed curve) does
not change anything at the QE peak (q0 = 0.−0.15 GeV).
However, the single-pion region (q0 & 0.2 GeV) is mod-
ified. This is due to the fact that the ∆ is less strongly
bound than the nucleon. Therefore, more energy must
be transferred by the photon such that this binding ef-
fect is compensated. When the momentum dependent
mean field is included (dashed-dotted curve), then the
faster (on average) final state nucleons experience a shal-
lower potential than the initial state nucleons. Also the
resonance potential gets shallower towards higher mo-
mentum. Therefore, even more energy must be trans-
ferred by the photon. Hence, the QE peak is broadened
towards a higher energy transfer ω and also the single
pion spectrum is slightly shifted towards higher energies
and broadened. A similar result has also been obtained
within the Walecka model (40). There the nucleon mass
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FIG. 3 The inclusive electron cross section dσ/(dΩdlf ) on
16O
as a function of the energy transfer q0 = k0 − k
′
0 for a beam
energy of 0.7 GeV and a scattering angle of θlf = 32
◦. The
graph shows the results for different nucleon potentials: no
potential (solid line), momentum-independent potential EQS
3 (dashed line) and momentum-dependent potential EQS 5
(dashed-dotted line). The calculations do not include in-
medium changes of the widths.
becomes an effective mass m⋆(~r) and the energy of the
nucleon is given by E~p =
√
~p 2 +m⋆(~r) , which can be re-
written as E~p =
√
~p 2 +m+V (~r, ~p) with the momentum-
dependent potential
V (~r, ~p) =
√
~p 2 +m⋆(~r)−
√
~p 2 +m .
E.g. for small momenta (|~p| ≪ m⋆, |~p| ≪ m) one obtains
a simple harmonic dependence of the potential on the
momentum:
V (~r, ~p) ≈ p2m−m
⋆(~r)
2mm⋆(~r)
+m⋆(~r)−m .
Rosenfelder (40) shows that the value of m⋆ can then be
used to fit the QE peak. We emphasize however, that
we do not fit our potential to the electron data but the
potential has been fixed by nuclear matter properties and
the momentum dependence of nucleon-nucleus scattering
cross sections (41).
Fig. 4 shows the comparison of our full calculation,
which includes both a momentum dependent potential
and collisional broadening of the baryons to the data
measured by Anghinolfi et al. (42). One observes that
the agreement with the data is considerably improved
when the in-medium width is included. However, we also
notice a short-coming of our model for the QE-region in
the upper panel (beam energy=0.7 GeV). This problem
could not yet been resolved. In the work of Kalok (43) it
was shown that the inclusion of short-range-correlations
in our model lead to a lowering of the peak. These short-
range correlations imply a modified momentum distri-
bution of the ground state nucleus. However, also with
Kalok’s improvements (43) no quantitative satisfactory
result could be retrieved. We obtain already at a slightly
higher beam energy of 880 MeV (cf. fig. 4) very good
agreement with the experimental data. The solid curve
in fig. 4 represent our full result which agrees well with
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FIG. 4 The inclusive electron cross section dσ/((dΩdlf )) on
16O as a function of the energy transfer q0 = k0 − k
′
0 at five
distinct fixed electron energies (0.7, 0.88, 1.08, 1.2 and 1.5
GeV) and a scattering angle of θlf = 32
◦. The dashed line
denotes our result, where we include all in-medium modifi-
cations besides collisional broadening. The solid line denotes
the full calculation, which includes in-medium changes of the
width according to the GiBUU collision term. The data are
taken from (42; 44).
the available data. Especially the dip-region in between
QE-region and single-pion region is well reproduced. At
very high beam energies, a lack of ππ strength leads to
a too low result at large photon energies. Overall, the
in-medium width leads to an improvement of the model.
In fig. 5, we show the contribution of the different
mechanisms to the total electron-nucleus cross section
which we calculated including all in-medium modifica-
tions and in particular the in-medium changes of the
width. The dashed line shows the quasi-elastic contribu-
tion, the dashed-dotted the single-π and the dotted one
the 2π contribution to the initial scattering process. One
observes that going from low to high beam energies, the
importance of single-π and 2π production mechanisms
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FIG. 5 The inclusive electron cross section dσ/((dΩdlf )) on
16O as a function of the energy transfer q0 = k0−k
′
0 at five dis-
tinct fixed electron energies (0.7, 0.88, 1.08, 1.2 and 1.5 GeV)
and a scattering angle of θlf = 32
◦. The solid line denotes our
full result, where we include all in-medium modifications and
in particular in-medium changes of the width. The data are
taken from (42; 44). The dashed line shows the quasi-elastic
contribution, the dashed-dotted the single-pi and the dotted
one the 2pi contribution to the initial scattering process. This
result does not yet include any FSI of the outgoing particles.
gradually increases, whereas at low energies the quasi-
elastic contribution is dominating. Note that this result
does not yet include any FSI of the outgoing particles and
the classification into different channels is solely based on
the initial vertex and not on the final-state multiplicities.
To point out the importance of the momentum distri-
bution of the initial nucleons, we show in fig. 6 the results
for different input distributions. In this case we omit
all in-medium modifications besides Pauli blocking and
Fermi motion. The dashed-dotted curve represents the
result with our standard momentum distribution accord-
ing to the local-Thomas-Fermi (LTF) ansatz (cf. (15)
for details). Distributing the nucleons according to a
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FIG. 6 The inclusive electron cross section dσ/(dΩdlf ) on
16O as a function of the energy transfer q0 = k0 − k
′
0 for a
beam energy of 0.7 GeV and a scattering angle of θlf = 32
◦.
The graph shows the results for various assumptions concern-
ing the momentum distribution of the target nucleons: Fermi
gas with Fermi momentum pf = 0.2 GeV (solid line), Fermi
gas with Fermi momentum pf = 0.25 GeV (dashed line), mo-
mentum distribution according to local Thomas-Fermi (LTF)
approximation (dashed-dotted line). The calculations do not
include any potentials or in-medium changes of the widths.
constant Fermi momentum of 0.2 GeV yields already a
slightly lower QE-peak value. With a further increase of
the Fermi momentum to 0.25 GeV we conceive a promi-
nent drop of the QE-peak height and a broadening of the
QE peak. It is therefore also clear, that one can fit the
data for the QE-peak by a variation of the Fermi momen-
tum. However, a Fermi momentum of 0.25 GeV does not
make any sense within our framework: on the basis of a
proper density profile for the dilute Oxygen nucleus one
can not get such a high average Fermi-momentum within
LTF approximation.
We conclude, that the overall agreement to the data
is improved by a calculation which in addition to a
local Fermi-gas momentum-distribution also includes a
momentum-dependent mean field and in-medium spec-
tral functions for the nucleon. Especially at low ener-
gies, a proper treatment of the nucleon spectral func-
tion is important. The increase of the energy loss due to
a momentum-dependent nucleon potential reshapes the
QE peak considerably. An additional modification of the
nucleon width leads to further broadening and decrease
of the QE peak height. In the single-π and ∆ produc-
tion region, we achieve a good description for all energies.
The in-medium modifications improve the overall corre-
spondence with the data. In the dip region, which is con-
ventionally attributed to 2N excitations, the description
is considerably improved due to the previously discussed
broadening of the QE peak. At higher beam energies,
the data are underestimated at high energy transfer q0
due to the fact that 2π-production channels have not yet
been included.
An impulse approximation calculation by Benhar et
al. (32) that uses nuclear many-body theory (NMBT)
spectral functions yields in the QE-region a better re-
sult for 700 MeV beam energy. However, already at a
8slightly higher beam energy of 1080 MeV our model and
the NMBT one yield equally good results for the QE
peak. We thus conclude, that our simplified ansatz for
the in-medium width and the inclusion of a proper poten-
tial incorporate the main features of the nucleon spectral
function in the medium.
IV. TOTAL PHOTON ABSORPTION CROSS SECTIONS
FOR COMPLEX NUCLEI
In the total photon absorption cross section on nu-
cleons, one observes three major peaks, which are, ac-
cording to our present knowledge, generated by several
overlapping resonances. The most important ones are
the P33(1232), S11(1535), D13(1520) and F15(1680) reso-
nance states. To study the properties of those resonance
states when embedded in nuclear matter, one has to in-
vestigate their photon-induced excitation in nuclei. First
experiments using a tagged high energy photon-beam
(Eγ = 0.3 − 2.6 GeV), which offered sufficient energy
to excite the second resonance region, were performed by
the Yerevan group (45; 46). Following up this pioneer-
ing work, the photon absorption of photons in nuclei was
measured at the Mainz microton (MAMI) facility (4; 47)
with a beam energy of Eγ = 0.05− 0.8 GeV, with higher
energy of Eγ = 0.2− 1.2 GeV at the Adone storage ring
facility (Frascati, Italy) (5; 48; 49; 50; 51), with even
higher energy using the SAPHIR tagged photon beam of
Eγ = 0.5− 2.67 GeV at ELSA (Bonn, Germany) (6) and
with Eγ = 0.17−3.84 GeV at Hall B of the Jefferson Lab-
oratory (Newport News, USA) (7; 52). In fact, some of
the above experiments did not measure directly the pho-
ton absorption cross section but only the photo-fission
cross-section (4; 7; 47; 48; 50; 52). Contradicting to ear-
lier assumptions, it has been shown in (7; 52) that these
two cross sections must not be identical. So we focus for
our analysis on a comparison with the direct measure-
ments of photon absorption as presented by Bianchi et
al. (5; 51) and Muccifora et al. (6).
Let us briefly summarize the experimental findings.
First, the ∆ resonance region is also within the nucleus
still exhibiting a peak like structure. However, one has
observed a slight shift to higher energies and a broad-
ening as compared to the vacuum structure. At higher
energies, one has observed a more interesting and a some-
what unexpected effect. The experimental results show
no structures in the second and third resonance region,
often quoted as the disappearance of the resonances in
the medium.
In the last two decades, various theoretical attempts
have been performed to explain these data. Kontratyuk
et al. (53) set up a baryon resonance model including the
collisional widths of the resonances as a free parameter.
Then these parameters were fitted to the existing data
and the collisional width was extracted. However, the
extracted widths are extraordinary large (ca. 320 MeV
for the S11(1535), D13(1520) and F15(1680) resonance)
and the whole analysis offers several points for criticism
(cf. pages 368-369 in (54)). The elaborated work of
Carrasco et al. (55) showed in a microscopic model ap-
proach, that it is possible to describe the data in the
∆ resonance region in a very satisfactory manner when
including the ∆ self-energy. This work emphasizes the
importance of multi-body absorption channels. Rapp et
al. (56) applied a vector-meson dominance (VMD) model
to the problem. An energy-independent collisional broad-
ening of the baryon resonances of 15 MeV for the ∆,
250 MeV for the D13 and 50 MeV for all other con-
tributing resonances has been included by hand. The
model fails to reproduce the elementary data on the pro-
ton in the region between ∆ and second resonance re-
gion, but it describes the nuclear data in a satisfactory
manner. The work of Hirata (57) points out that ac-
cording to their model the interference patterns among
the resonances and the background change when going
from vacuum to medium. In their model, this change
of the interferences is the driving force for the disap-
pearance of the resonances. Iljinov et al. (58) extended
the Dubna/Moscow INC model, a hadronic transport
model, such that it can be used for high photon ener-
gies up to 10 GeV. They achieved good correspondence
with exclusive channels such as single-pion production.
Based on the Dubna/Moscow INC model, the RELDIS
code (59) achieved good results for photo-absorption on
large nuclei. Both the INC and RELDIS model in-
clude a phenomenological two-body absorption channel
on top of single-particle absorption. Also the LAQGSM
model (60) is based on the Dubna/Moscow INC model,
which also results in a good model for nuclear fissibili-
ties. Deppman et al. (61) have successfully applied the
so-calledMCMC/MCEF cascade model, to evaluate pho-
ton fission cross sections using the photon absorption
cross section as input. Complementary to this first work,
Deppman achieved with the CRISP code (62; 63), where
the photon absorption is modeled via a microscopic reso-
nance model, also satisfactory results for photon absorp-
tion.
Effenberger et al. (54) tried to explain the experimental
observation of resonance disappearance within a precur-
sor version of our present model. He achieved a quite
good description of the ∆ peak, however his model failed
explaining the data at higher energies: his results showed
still a prominent structure in the second and third reso-
nance region. Our present model differs to Effenberger’s
one in four major aspects. First, we use the up-to-date
input for the photon-nucleus interaction, in particular
for the helicity amplitudes of the resonances, and for
the invariant amplitudes used to parameterize pion pro-
duction. Second, we treat the single-pion background
terms differently: Effenberger et al. rescaled the reso-
nance contributions to fit the single-pion data while we
include a point-like single-pion production vertex which
includes all background and interference terms. So in our
case the background and interference terms are not mod-
ified in the medium, whereas in Effenberger’s case those
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FIG. 7 The photon absorption cross section for 12C. In the
upper panel we show the the impact of different assump-
tions on the baryon potential: the red solid line denotes the
result with a momentum-dependent potential (EQS 5), the
dashed blue one represents a calculation with a momentum-
independent potential (EQS 3) and the brown dashed-dotted
a calculation where the baryon potentials have been neglected
(EQS 0). For details on the potentials confer (41). In the
lower panel we keep the potential the same (EQS 5) and add
a modification of the in-medium self-energy. The data are
taken from Bianchi et al. (5) (full circles) and Muccifora et
al. (6) (open circles), the error bars denote the sum of statis-
tical and systematical errors.
two terms are hidden in the resonance contributions and,
therefore, they are modified in the same way as the reso-
nances. Third, the absolute magnitude of the collisional
width is slightly different due to updated baryon-nucleon
cross sections in the GiBUU collision term. Finally, Ef-
fenberger only included the mean fields as real part of the
self energies and neglected the dispersive contributions
to the real parts, which lead to non-normalized spectral
functions.
Our results for photon absorption in Carbon are shown
in fig. 7. For the calculations shown in the upper panel,
we have not modified the width of the resonances in the
medium and we have not included dispersive contribu-
tions to the width. Again, as for the quasi-elastic peak in
the electron-nucleus scattering, we observe the broaden-
ing of the spectra just due to the momentum-dependent
mean field. The solid curve shows the result when in-
cluding such a mean-field. This curve describes the data
properly in the ∆ region but overestimates it in the sec-
ond resonance region. It is, however, remarkable, that
the mean field smears the spectra so much that the sec-
ond resonance peak is dissolved. The lower panel shows,
additionally to the result calculated with a momentum-
dependent mean field (solid line), the one for which the
in-medium width and the dispersive contributions to the
real parts have been taken into account (dashed line).
A larger width due to the collisional broadening leads
to a smearing of the peaks and therefore to a lowering
of the resonance contributions. The lower panel shows
that the ∆ region is underestimated when including the
in-medium spectral functions. Also in the second reso-
nance region the situation does not improve. The same
effect has also been observed in Effenberger’s work where
the missing strength in the right shoulder of the ∆ is at-
tributed to (also in our work) neglected two-nucleon ab-
sorption processes. Comparing to this former result by
Effenberger (double dashed curves in the upper panels),
we must state that both models describe the data equally
well. In our approach it is however interesting to see, that
the proper treatment of the medium-dependent potential
leads all by itself to a smearing of the second resonance
peak. As a consequence, it should be interesting to in-
clude the in-medium kinematics also in the background
treatment, which was too involved for our approach since
one would need a microscopic model for the background.
Fig. 8 shows again the photon absorption in Carbon.
To obtain the results shown in the latter graph, we have
ignored the resonance model and have just included the
point-like γN → Nπ process, which we evaluated now
with full in-medium kinematics taking into account po-
tentials for the nucleon and the pion. For the invariant
amplitudes Ai we assume the following in-medium struc-
ture
Amediumi (s,Q
2, θk) = A
vacuum
i (sfree, Q
2, θk) , (4.1)
with sfree being defined in eq. 2.17 and θk is the pion
scattering angle with respect to ~q. As before we added
also a 2π production channel, which is without resonance
contributions a pure background contribution. In this
approach, one does not account for in-medium changes of
the width of the resonances and for potential differences
of nucleons and resonances. The ∆ peak structure is in its
magnitude well described by a calculation which includes
both a pion potential according to (12) and a momentum-
dependent nucleon potential (red solid line). However,
the width of the ∆ peak is underestimated and the peak
structure in the second resonance region is not present in
the data. Besides the missing in-medium changes of the
resonances, also the approximation of eq. 4.1 might be
questionable. However, as long as we have no underlying
model to evaluate the Ai in the medium there seems to be
no better choice. We conclude that the resonance model
framework gives a far better description of the data and
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FIG. 8 The photon absorption cross section for 12C without
resonances in the intermediate state. The curves in the up-
per panel represent calculation where we did not include reso-
nances but treated the γN → Npi reaction as a point-like ver-
tex. The red solid line denotes the result with a momentum-
dependent potential (EQS 5) and a low-energy potential for
the pion according to (12), the other curves have been ob-
tained without a pion potential using different types of the
nucleon potential: no potential (dot-dashed), a momentum
independent potential (dashed) and a momentum dependent
potential (dotted curve). The data are taken from Bianchi et
al. (5) (full circles) and Muccifora et al. (6) (open circles),
the error bars denote the sum of statistical and systematical
errors.
incorporates the in-medium changes in a more controlled
fashion.
V. SUMMARY
We have presented a refined and updated treatment
of electron scattering off nuclei. Employing in-medium
kinematics and parametrizing the form factors for QE-
scattering according to Bradford et al. (27), using the
π-production form-factors and resonance helicity ampli-
tudes of the MAID (20; 21; 64) analysis. In comparison
to the data by Anghinolfi et al. (42) we found good agree-
ment in the pion production energy regime, whereas the
quasi-elastic scattering is overestimated for low photon
energies. We outlined the large dependency on the un-
derlying momentum distribution of the nucleons, which
we fix in our model via the LTF assumption.
Additionally, we investigated photon absorption where
we could not establish an improvement of earlier results.
However, we emphasized the importance of momentum-
dependent potentials for the process. In particular, the
structure in the second and third resonance region gets
dissolved due to this potentials.
In future we plan to extent the description to exclu-
sive channels, such as e.g. single π production, and plan
to include the ππ production channel also for electron
scattering.
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